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1.  Introduction 


Friction  and  adhesion  are  fundamental  properties  of  material  interfaces  that  are  as 
important  to  virtually  every  technology  as  they  are  familiar  in  everyday  life.  Despite  the 
central  roles  of  these  interrelated  material  interface  properties,  our  understanding  of  their 
fundamental  nature  remains  surprisingly  primitive.  While  tribology  is  normally  taken  to 
encompass  science  and  technology  relating  to  friction,  lubrication,  and  wear,  these 
phenomena  are  inextricably  linked  to  adhesion.  Friction,  for  example,  has  been  described 
by  Israelachvili  as  being  equivalent  to  “adhesion  hysteresis”1,  and  our  own  work  has 
demonstrated  this  phenomenon  on  a  nanoscopic  level2.  Adhesive  wear,  to  give  another 
example,  is  prevalent  in  systems  as  disparate  as  truck  engines  and  hip  implants. 

Intuitively,  we  know  that  the  surface  chemistry  influences  tribological  phenomena.  Some 
surfaces  are  slippery,  others  are  not,  some  surfaces  are  sticky,  others  are  not.  It  is  also 
evident  in  everyday  life  that  surface  morphology  is  important  in  determining  friction  and 
adhesion,  but  in  a  non-trivial  way:  sometimes  roughness  lowers  friction,  sometimes  it 
increases  it.  In  reality,  adhesion  is  often  the  parameter  that  determines  the  relationship 
between  morphology  and  friction.  In  the  submicron  world,  adhesion  dominates  over  all 
other  forces.  It  thus  becomes  critical  to  understand  adhesion  and  the  way  in  which  it 
depends  on  the  nature  of  the  surfaces  involved.  Such  understanding  will  lead  to 
procedures  that  can  be  used  to  modify  adhesion,  and  hence  friction,  in  a  predictable 
manner. 

In  this  feasibility  project,  emphasis  was  placed  on  the  establishment  of  methodologies 
and  the  initial  evaluation  of  the  influence  of  surface  morphology  and  chemistry  on 
adhesion  and  friction.  The  key  approach,  in  addition  to  those  necessary  for  measuring  the 
relevant  surface  forces,  was  the  application  of  gradients  of  morphology  and  chemistry, 
which  facilitates  very  rapid  data  acquisition  and  comparison  with  existing  theories. 

The  Approach  involved  the  use  of  gradients  in  surface  morphology  and  chemistry  for 
experiments  involving  adhesion  and  friction  on  the  nano,  micro,  and  macro  scales.  The 
significant  advantage  of  gradients  is  that  a  single  parameter  (chemistry  or  morphology)  or 
a  pair  of  such  parameters  can  be  varied  while  all  other  parameters  are  held  constant. 
This  combinatorial  approach  significantly  increases  the  reproducibility  of  the 
experiments  in  comparison  to  traditional  methods,  while  allowing  a  vast  parameter  space 
to  be  explored  very  rapidly.1 

The  Air  Force  Relevance  of  the  project  is  significant.  Adhesion  and  friction  issues 
abound  in  AF-relevant  microtechnologies  (microsatellites,  MEMS,  electrical  contacts)  as 
well  as  in  many  macrosystems  (bearing  systems,  tire-runway  contact,  etc)  that  can  be  of 
equal  ultimate  importance  to  mission  success. 


1.  J.  N.  Israelachvili,  Y.-L.  Chen,  and  H.  Yoshizawa,  J.  Adhesion  Sci.  Technol.  1994,  8,  1231 

2.  A.  Marti,  G.  Hahner,  and  N.  D.  Spencer,  Langmuir  1995,11,  4632-4635 


2.  Objective 


The  Objective  of  this  1-year  seed  project  was  to  exploit  the  utility  of  recently  developed 
surface-morphology  gradients,  surface-chemical  gradients  and  their  combination  for 
accelerating  our  understanding  of  the  fundamental  relationships  between  friction  and 
adhesion. 

3.  Accomplishments 

AFM  adhesion  measurements  and  calibration 
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A  reliable  experimental  approach  has  been  developed  to  make  a  particle  density  gradient, 
which  were  previously  developed  in  our  group  (Figure  1).  Such  a  gradient  contains  silica 
nanoparticles  sintered  into  a  silica  substrate,  hence  only  the  surface  morphology  varies 
along  the  substrate  while  surface  chemistry  remains  the  same. 


II.  Force  mapping  IIL  Adhesion  histogram 
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Figure  2.  AFM  adhesion  data  acquisition  by  means  of  force-mapping  technique. 


Atomic  force  microscopy  force  mapping  (the  acquisition  of  multiple  force  curves  over  a 
limited  area)  was  used  to  gain  sufficient  statistics  of  adhesion  forces,  and  force 
histograms  were  constructed  from  the  resulting  force  measurements  (Figure  2)  at  various 
positions  along  the  morphology  gradient. 

AFM  Adhesion  Measurements  on  a  Gradient  Surface  in  Air 

A  colloid-sphere  (5  pm  in  diameter,  polyethylene)  modified  AFM  tip  was  used  to 
characterize  the  adhesion  behavior  on  a  40  nm  diameter  particle  gradient  in  air.  Figure  3 
shows  the  mean  adhesion  measured  as  a  function  of  particle  density.  Different  adhesion 
values  were  observed  at  locations  where  particle  density  is  varied. 


Figure  3.  Adhesion  between  a  polyethylene  probe  and  a  particle  gradient  in  air. 

Simple  JKR  interpretation  of  data 

By  applying  the  Johnson,  Kendall,  and  Roberts  approach  to  interpreting  the  data,  the 
results  of  the  adhesion  experiments  can  be  readily  rationalized  as  being  due  to  single  or 
multiple  contacts  on  the  underlying  nanoparticle-covered  surface,  and  the  measured 
adhesion  values  seem  reasonable  for  the  assumed  contact  geometries  in  the  low  and  high 
pull-off  force  regions  (Figure  4). 
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Figure  4.  Simple  JKR  analysis  of  the  contact  situation,  where  either  single  particle  or 
substrate  contacts  are  considered. 

AFM  Measurements  of  Friction  on  a  Gradient  Surface  in  Air 


Friction  measurements  in  air  were  made  at  various  points  along  the  nanoparticle  gradient 
by  means  of  AFM,  while  the  load  and  velocity  were  varied.  The  results  are  summarized 
in  Figure  5.  While  Amontons-like  behavior  was  observed  at  the  0  mm  position  (high 


Friction  (a.u.)  Friction  (a.u.) 


particle  coverage),  no  load  dependence  was  observed  at  the  end  where  no  nanoparticles 
were  present.  This  suggests  that  the  latter  situation  was  dominated  by  adhesion  effects. 
While  at  high  particle  density  no  velocity  dependence  was  observed,  a  marked  velocity 
dependence  was  observed  on  the  particle-free  surface.  Interestingly,  in  the  middle  of  the 
gradient,  a  transitional  behavior  was  observed,  where  Amontons-like  behavior  was 
apparent  at  low  loads,  and  load-independent  behavior  at  high  loads.  This  also  marked  the 
point  at  which  velocity  dependence  was  only  observable  at  higher  loads. 
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Figure  5.  Friction  measurements 
along  a  40  nm  particle  gradient, 
showing  differences  in  friction¬ 
load  behavior  and  velocity 
dependence. 


Relating  Friction  to  Adhesion  in  Air 


Figure  6  plots  the  adhesion  and  friction  together  as  a  function  of  particle  density.  Similar 
trends  can  be  observed  and  indicates  the  adhesion  and  friction  are  closely  related  in  air. 
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Figure  6.  Mean  adhesion  and  friction  force  between  a  polyethylene  sphere  and  a  40  nm 
particle  gradient  in  air  as  a  function  of  nanoparticle  density  on  the  gradient  substrate. 

Adhesion  and  Friction  measurements  in  water 


The  dominating  forces  between  a  polyethylene  sphere  and  a  silica  nanoparticle  gradient 
in  air  are  both  van  der  Waals  and  capillary  forces.  Once  the  whole  system  is  transfer  to  an 
aqueous  environment,  the  situation  is  different.  The  van  der  Waals  force  is  reduced,  the 
capillary  forces  are  now  absent.  The  new  dominating  force  is  the  electrical  double  layer 
forces  due  to  the  surface  charge  on  both  interfaces.  It  is  shown  in  Figure  7,  both  adhesion 
and  friction  are  reduced  and  they  are  independent  of  the  nanoparticle  density. 
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Figure  7.  Adhesion  and  friction  between  a  polyethylene  sphere  and  a  silica  nanoparticle 
gradient  in  water. 


Adhesion  measurements  in  perfluorodecalin  (PFD) 

To  simplify  the  interactions  between  the  polyethylene  sphere  and  the  silica  nanoparticle 
gradient,  we  have  employed  a  low-dielectric-constant  medium  -  perfluorodecalin  (PFD). 
In  such  a  system,  only  van  der  Waals  forces  act  between  the  PE  sphere  and  the  silica 
substrate.  To  improve  the  statistics,  new  nanoparticle  gradients  formed  by  10  nm  (in 
diameter)  sized  particles  were  successfully  produced  using  the  same  method.  Figure  8 
shows  the  measured  adhesion  force  between  a  PE  sphere  and  a  10  nm  silica  nanoparticle 
gradient  in  perfluorodecalin  as  a  function  of  the  nanoparticle  density  on  the  substrate.  On 
the  smooth  end  of  the  gradient  (i.e.  the  particle  density  is  close  to  0  particles  per  pm2), 
the  measured  adhesion  is  about  10  nN.  For  the  rest  of  the  gradient,  adhesion  is  between  2 
and  4  nN,  regardless  of  the  nanoparticle  density. 
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Figure  8.  Adhesion  between  a  PE  sphere  and  a  10  nm  nanoparticle  gradient  in 
perflurorodecalin. 


Friction  measurements  in  perfluorodecalin  (PFD) 


Figure  9  shows  the  friction  measured  between  a  PE  sphere  and  a  10  nm  particle  gradient 
in  PFD.  A  slightly  higher  friction  force  was  measured  on  the  smooth  end  of  the  particle 
gradient.  At  all  positions  along  the  gradient  substrate,  the  friction  increases  as  a  function 
of  the  normal  force.  However,  there  is  little  difference  in  the  measured  friction  force  on 
different  parts  of  the  substrate;  that  is,  the  friction  force  is  independent  of  the  particle 
density  on  the  gradient. 


Figure  9.  Friction  between  a  PE  sphere  and  a  10  nm  nanoparticle  gradient  in 
perfluorodecalin  as  a  function  of  normal  load. 


Adhesion  &  Friction  measurements  in  PFD  with  a  larger  PE  sphere 

The  influence  of  the  size  of  polyethylene  sphere  on  adhesion  was  also  studied.  A  PE 
sphere  with  a  diameter  of  26  pm  was  used,  in  comparison  to  earlier  experiments  in  which 
an  8  pm-diameter  sphere  was  used.  Figure  10  shows  the  adhesion  measured  between  the 
PE  sphere  and  the  particle  gradient  in  PFD.  When  the  particle  density  is  less  than  20 
particles  per  pm2,  an  increase  in  adhesion  with  decreasing  particle  density  was  seen  and 
the  highest  adhesion  was  observed  on  the  smooth  end  of  the  gradient.  This  value  is 
around  1 1  nN,  which  is  comparable  to  the  previous  experiment  when  a  smaller  PE  sphere 
was  used.  When  the  particle  density  is  greater  than  20  particles  per  pm2,  the  adhesion  is 
around  2  nN  and  is  independent  of  particle  density.  Such  results  agree  with  the  previous 
experiment  when  a  smaller  PE  sphere  was  used,  but  the  statistics  are  improved  by  virtue 
of  the  larger  contact  area. 

The  friction  measured  between  the  larger  polyethylene  sphere  and  silica  nanoparticle 
gradient  is  shown  in  Figure  11.  Once  again,  the  friction  is  seen  to  increase  with 
increasing  normal  load  regardless  of  the  nanoparticle  density.  For  normal  loads  less  than 
about  60  nN,  the  friction  increases  linearly  with  increasing  load.  At  higher  loads,  the 
friction  continues  to  increase  but  no  longer  follows  Amontons’  law. 
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Figure  10.  Adhesion  between  a  26  pm  (in  diameter)  polyethylene  sphere  and  a  10  nm  (in 
diameter)  nanoparticle  gradient  in  PFD. 
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Figure  11.  Friction  between  a  26  pm  (in  diameter)  polyethylene  sphere  and  a  10  nm  (in 
diameter)  nanoparticle  gradient  in  PFD. 


Adhesion  &  Friction  measurements  in  PFD  with  a  higher  load 

The  adhesion  and  friction  were  also  measured  at  a  higher  range  of  loads  by  employing  a 
stiffer  AFM  cantilever.  In  these  experiments,  a  cantilever  with  a  spring  constant  of  5.48 
N/m  was  used,  more  than  50  times  stiffer  than  those  previously  used  (<  0.1  N/m).  The 
adhesion  as  a  function  of  particle  density  (Figure  12)  follows  the  same  trend  as  for  the 
earlier  experiments,  but  with  higher  adhesion  forces.  Figure  13  shows  the  friction-vs-load 
plot  in  the  regime  of  higher  loads.  Over  this  range  of  loads,  Amontons’  law  is  followed, 
the  friction  increasing  in  direct  proportionality  with  normal  load  up  to  the  highest  loads 
tested.  In  these  experiments,  however,  there  does  not  appear  to  be  any  clear  dependence 
of  the  friction  on  the  density  of  nanoparticles  on  the  gradient  surface. 


100- 


80- 


c 

o 

■</> 

o> 

.c 

*o 

< 


60-n 


40- 


20- 


□  □  0  0,0  0  0,0  0,0 


0  0.1  0.2  03  0.4  0.5  0.6  0.7  O.B  0.9  1 


100 


Cantilever  stiffness=  5.48N/m  (100 
times  stiffer) 

R=  4  pm 

Load  applied  =  328  nN 


200 


— r~ 

300 


J^articU^densit^j^ 


Figure  12.  Adhesion  between  a  PE  sphere  and  a  10  nm  nanoparticle  gradient  in 
perflurorodecalin,  measured  at  a  higher  range  of  loads  using  a  stiff  cantilever. 


Figure  13.  Friction  between  a  PE  sphere  and  a  10  nm  nanoparticle  gradient  in 
perflurorodecalin,  measured  at  a  higher  range  of  loads  using  a  stiff  cantilever. 

4.  Summary  of  the  results 
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Figure  14.  Summary  of  adhesion  and  friction  between  a  polyethylene  (PE)  sphere  and  a 
silica  nanoparticle  gradient  in  air,  water  and  perfluorodecalin  (PFD). 


The  correlation  between  adhesion  and  friction  was  most  clearly  seen  in  air,  where  the 
adhesion  varies  from  the  order  of  100  nN  to  2000  nN  along  the  particle  density  gradient. 
It  was  also  shown  in  air  that  the  friction  is  either  load-dependent  or  velocity-dependent, 
influenced  by  the  nanoparticle  density  on  the  substrate.  In  water,  the  adhesion  is  reduced 
to  5  -  10  nN  and  neither  adhesion  nor  friction  show  any  dependence  on  the  nanoparticle 
density  on  the  substrate.  In  PFD,  the  adhesion  is  higher  (10  nN)  when  there  are  no 
nanoparticles  on  the  substrate.  For  the  rest  of  the  gradient,  both  adhesion  and  friction 


show  no  dependence  on  the  particle  density. 


In  PFD,  we  have  also  studied  the  influence  of  the  size  of  the  PE  sphere  and  better  quality 
adhesion  data  was  obtained  when  a  larger  PE  sphere  was  used  (26  pm -diameter).  At 
higher  loads,  adhesion  increases  and  follows  the  same  trend  as  at  the  lower  load  regime. 
Friction  behavior  follows  Amontons’  law  and  depends  linearly  on  the  applied  load. 

5.  Outlook 

Friction  measurements  reported  above  have  been  in  arbitrary  units,  and  efforts  to 
calibrate  our  lateral  force  measurement  setup  are  currently  in  progress.  These  will  be 
implemented  in  the  successor  project. 

While  a  simple  JKR  approach  has  been  taken  to  interpret  the  data  so  far,  it  is  hoped  that 
further  experiments  will  provide  a  basis  for  the  testing  of  alternative  theories. 

Once  the  current  series  of  morphological  gradient  experiments  is  complete,  the 
introduction  of  surface-chemical  variables  on  the  adhesion  and  friction  measurements  can 
be  contemplated. 
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